Abstract-Widely applied to RF filtering, AlN microresonators offer the ability to perform additional functions such as impedance matching and single-ended-to-differential conversion. This paper reports microresonators capable of transforming the characteristic impedance from input to output over a wide range while performing low loss filtering. Microresonant transformer theory of operation and equivalent circuit models are presented and compared with measured 2 and 3-Port devices. Impedance transformation ratios as large as 18:1 are realized with insertion losses less than 5.8 dB, limited by parasitic shunt capacitance. These impedance transformers occupy less than 0.052 mm 2 , orders of magnitude smaller than competing technologies in the VHF and UHF frequency bands.
INTRODUCTION
Aluminum Nitride (AlN) microresonators [1, 2] have recently become of great research interest due to their small size, high quality factor (Q), CAD defined low to moderate impedance, potential monolithic integration with RF circuitry [3] , and ability to realize multiple frequency filters operating from 10 MHz to 10 GHz on a single chip [4, 5] . One aspect of AlN microresonator technology that has not been widely explored [6] is the realization of miniature RF impedance transformers. In RF (radio frequency) applications, impedance transformers are typically realized using either mutually coupled inductive coils or matching circuitry (either lumped LC or microwave transmission line) [7] . Both of these solutions are large and introduce additional loss. Utilizing AlN microresonator technology, impedance transformers can be constructed as part of a low loss RF or IF (intermediate frequency) filter, reducing component count, size and insertion loss. Impedance transformation through microresonator filters allows ideal noise matching of amplifiers to antennas, reduced power and size in IF stages and improved phase noise in MEMS oscillators with displacement limited power handling.
II. MICRORESONANT TRANSFORMER DEVICE STRUCTURE,
OPERATION AND MODELING Shown in Figure 1 is an image of a 109 MHz microresonant transformer. The resonator is fabricated using the process reported in [1] , where the bottom oxide thickness has been increased to 1 μm for passive temperature compensation [8] . The resonator electrodes are designed to selectively transduce the 13 th overtone of the length extensional (LE) mode, (1)
To maintain equal power at Ports 1 and 2 requires
and the Port 2 termination impedance to be
Thus, in this example, a piezoelectric transformer with a turns ratio, n, of 6/7 has been realized. A generic 2-Port equivalent circuit model of a microresonant impedance transformer valid for practical turns ratios is shown Figure 2 , where R X , L X , and C X are the motional resistance, inductance and capacitance of a single electrode sub-resonator, C S1 and C S2 are the shunt capacitances seen at Ports 1 and 2, C FT is the feed through capacitance between Ports 1 and 2, n E1 is the number of Port 1 electrodes, n E2 is the number of Port 2 electrodes and R FT models the mechanical device response far from resonance.
The equations for the equivalent circuit parameters are as follows [2] :
where T is the thickness of the AlN layer, W E and L E are the width and length of a single electrode, L Sub is the length of a sub-resonator corresponding to a ½ wavelength on resonance, Ε and ρ are modulus and density of the composite SiO 2 /Al/AlN/Al resonator stack and Q is the resonator quality factor. C FT is highly design dependant, thus an equation is not provided. C FT , however, is known to increase with n E1 and n E2 . The motional parameters seen looking between Ports 1 and 2 are
At resonance the impedance seen looking into Ports 1 and 2 neglecting shunt capacitance is
More information on the electrical equivalent modeling of micro-devices can be found in [9] .
III. EXPERIMENTAL RESULTS
The resonant transformer in Figure 1 has been measured with 50 Ω input and output terminations with the results shown in Figure 3 . Also shown in Figure 3 is the simulated response of the resonant transformer using the model in Figure 2 and the values in Table 1 . Excellent agreement is demonstrated between the model and the measurement for both transmission and reflection parameters. From the reflection parameters it can be seen that Port 1 is an excellent match to 50 Ω, while the impedance looking into Port 2 is 1.4 times higher than Port 1, causing higher return loss for S22. The measured response with a 180 Ω, Port 1, to 240 Ω, Port 2, impedance transformation is shown in Figure 4 demonstrating less than 0.8 dB insertion loss and 17 dB return loss into both ports. (Fig. 1 
IV. MULTI-PORT TRANSFORMERS
The 2-Port microresonant impedance transformer models and devices demonstrated above can be extended to 3 (balun) and 4-Port (fully differential) operation. Shown in Figure 5 is an optical image of a 3-port, length extensional, microresonant impedance transformer.
This device performs a balun function where Port 1(P1) is singled-ended and Ports 2 and 3 (P2, P3) are balanced-differential terminals. Ports 2 and 3 have 6 times the electrode area as Port 1, forming a 1:36 impedance transformation. An electrical equivalent model for a 3-Port microresonant impedance transformer is shown in Figure 6 . Figure 7 shows a comparison of the 3-Port model in Figure 6 to the measured data for the device in Figure 5 using the values in Table 1 . Good agreement is obtained when comparing the model to experimental results. The measured response of the microresonant impedance transformer when terminated with P1=2100 Ω and P2=P3=120 Ω is shown in Figure 8 . While Figure 6 and the values in Table 1would suggest a higher termination impedance for Port 1, the optimum match for Port 1 is found to be 2100 Ω do to parasitic and shunt capacitance. It can be seen in Figure 8 capacitance, which could be improved via a reactive termination. Further examination of equations 7, 8, 13, and 14 shows that the while the real input impedance seen looking into Ports 1 and 2 at resonance is going as 1/n E 2 , the shunt capacitance goes as 1/n E . Since the shunt capacitance forms a low pass filter with the termination impedance, shunting current away from the resonator or load, this scaling represents a limit in the maximum transformer ratios that can be practically achieved.
V. APPLICATIONS
A microresonant transformer was successfully used in [10] to improve the power handling of a tuning fork resonator, resulting in reduced oscillator phase noise and improved resolution in a resonant accelerometer. Microresonant transformers can also be used to improve receiver sensitivity and increase the bandwidth of channelizing filter banks.
A. Noise Matching
Utilizing an impedance transformer between the antenna and LNA in a receiver, it is possible to improve receiver sensitivity and noise figure. A receiver schematic with relevant noise sources and a microresonant transformer/filter between the antenna and LNA is shown in Figure 9 (a). Assuming a lossless filter, the LNA and termination impedance can be referred to the input as shown in Figure  9 (b), where . (18) From 17 and 18 the microresonant impedance transformer turns ratio can be adjusted to minimize the input referred noise based on LNA voltage and current equivalent noise generators. As an example, take a 1 GHz LNA realized in 90 nm CMOS technology [11] with an input transistor channel length of 100 nm, channel width of 100 µm and a gate-tosource capacitance, C gs , of 0.1 pF. The LNA input referred noise generators can be calculated [12] neglecting gate leakage and flicker noise as 
where f is frequency, k B is Boltzmann's constant, T is temperature and g m is the transconductance which is proportional to the square root of the drain current. For a MOSFET at 1 GHz,
thus the input referred voltage noise dominates the current noise for practical termination impedances. Unfortunately, when interfaced to low impedance antennas, it is difficult to match CMOS LNAs for optimum noise performance. Figure  10 shows the input referred noise and noise figure referenced to 50 Ω for a CMOS LNA receiver with Z Source =50Ω, Z Term =50(n E1 /n E2 )
2 Ω, I DS =3mA, g m =8mA/V and I DS =1mA, g m =0.9mA/V [11] versus transformer turns ratio, n E1 /n E2 . The transformer improves receiver sensitivity by allowing CMOS transistors to be matched to higher impedances more optimum for noise performance, even when driven by low impedance antennas. The transformer also allows lower LNA power consumption for a given noise performance. From Figure 10 , high turns ratios resulting in termination impedances > 1 kΩ are desired for optimum noise performance. To practically connect a microresonant transformer to an LNA with a characteristic impedance of kΩs requires close integration [3] of the LNA and microresonator to minimize both parasitic capacitance and the electrical line length between the components. A lossless filter has been assumed for this analysis. While any loss in the filter will directly add to the noise figure, filter loss will not dramatically change the optimum turns ratio for minimizing noise. For a well designed microresonant transformer filter the loss should not exceed that of a filter with equal input and output impedances that is often included between an antenna and LNA. Figure 9 , where a CMOS LNA is employed with input transistor characteristics, gate length = 100 nm, gate width = 100 μm, and C gs = 0.1 pF [11] .
B. Channelizer Filter Banks
A diagram of a channelizing receiver is shown in Figure 11 , where each filter covers a separate frequency range. As additional filters are added, the shunt capacitance at the channelizer input grows. Once the shunt capacitance becomes on the order of the real impedance seen looking into each filter in the filter band, current will be shunted away from the filter bank increasing insertion loss. The maximum bandwidth that In Figure 11 . Channelizing receiver block diagram. Since the in-band impedance looking into each filter goes as (n E1 ) 2 while the shunt capacitance goes as n E1 , the maximum bandwidth at the input of the channelizer can be increased with a corresponding decrease in the maximum bandwidth at the output of each filter.
can be covered before this occurs for an acoustic filter is limited by the coupling coefficient, k t 2 , of the electro-acoustic transducer. From equations 7-14, utilizing a microresonant transformer, the ratio of shunt capacitance to resonator input impedance can be reduced at one filter port with a subsequent increase at the other filter port. This effectively increases the maximum bandwidth that can be processed at one port with an equivalent decrease in the bandwidth that can be efficiently (low loss) processed at the other port. For a channelizer, this is precisely what is desired, to take a wideband signal and divide it into many narrowband channels. Using microresonant impedance transformers, the bandwidth covered by the channelizer can be maximized by increasing the turns ratio until the maximum bandwidth at the output of each filter is equal to the frequency ranged of a single channel.
VI. CONCLUSIONS
Microresonator impedance transformers, which perform low loss filtering and impedance transformation in a single miniature device, have been realized with turns ratios of 6:1 and insertion losses less than 5.8 dB. Electrical equivalent circuit models have been developed and demonstrate excellent agreement with measured devices. Microresonant transformers can be used to more efficiently noise match CMOS amplifiers to antennas resulting in reduced receiver noise figure and to increase the maximum bandwidth processed by a channelizer formed from microresonator filter arrays.
